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Objective
The objective of this research is to investigate the feasibility of sub-100 nm spin torque nano oscillator (STNO) devices for radiating energy through space. We describe the complex impedance of the STNO from 0.5-10 GHz, and report what we believe to be the first demonstration of the low-power (250 pW), high-frequency (9 GHz) microwave output from an antenna-coupled, discrete, 50-nm diameter magnetic oscillator radiating through air over a distance of 1 m. Amplitude and frequency modulation of the output radiation has been used to transmit information from the STNO through microwave antennas.
Approach
The need for compact, high-frequency wireless communications for microwave data links and remote sensing is envisioned for future Army applications. Although limited at present by low efficiency operation, magnetic STNOs are the only radio frequency (RF) technology operating at <0.25 V and are a promising new class of devices that hold potential as low-voltage, roomtemperature, frequency-agile, nanoscale radiative sources that can be fabricated on-chip. The frequency response of STNOs can be tuned as a function of drive current or applied magnetic field, with theoretically predicted oscillation frequencies from MHz to hundreds of GHz, and possibly up to 1 THz in devices approaching 5 nm in diameter (1) . STNO devices operating in the 1-40 GHz range have been the subject of active investigation for several years (2-4) with spectrum analysis of the device response reported using a point contact configuration with a bias tee and microwave coaxial cable. However, to date there has been no demonstration of an STNO's ability to radiate energy through space, and very little is understood about the microwave impedance of a low-power (pW-nW) STNO device as a function of frequency. Impedance matching of an RF device in a circuit is typically required to maximize power transfer. An understanding of the impedance characteristics of the STNO is desired to minimize insertion loss, reflection, and attenuation, thus serving to increase the transmitted power of the very weak STNO signal and resultant 10 -6 efficiency (defined as RF power out/DC power in) observed in coaxial experiments to date. It is also necessary from a systems standpoint to understand the frequency dependence of the impedance to enable controlled frequency modulation of the transmitted signal.
The operating principle of the STNO device, which is illustrated schematically in figure 1, is that a DC current passing through a thick (fixed) magnetic layer polarizes the electron spins in the current. These polarized spins then flow through a thin (free) magnetic layer and produce enough spin torque to cancel out the intrinsic damping torque of the thin magnetic film (5) . As a result, the electron spins within the free magnetic film are able to precess about an applied magnetic field.
Device Overview
Cross section The unpolarized electron current passes through the thick magnetic layer with magnetization m f . The fixed magnetic layer acts as a polarizer and the electrons that exit the film are now polarized with spin, S i . In the STNO device, these electrons then pass through a nonmagnetic metal spacer layer. As long as the spin-dependent mean free path of the spacer layer is much larger than the spacer thickness, S i will be preserved. As this polarized current passes through the thinner free layer with arbitrary magnetization M, it will once again be polarized with resultant spin S f . Therefore, the torque exerted on the spin of the electron will be equal to the difference of these spins, T S = S f -S i . Newton's third law dictates that the torque exerted by the spin on the free layer (T M ) must be equal and opposite, T M = -T S . It should be noted that reversing the current direction causes the electrons that are reflected from the fixed layer to deliver their spin to the free layer. These reflected electrons will have an opposite spin, -S i , relative to those which are polarized by m f . Hence, reversing the current direction reverses the torque T M . With such a torque term and with high enough current densities (typically above 10 This spin transfer effect has been demonstrated, first by Myers et al. (6) and verified by others (7, 8) . The high current densities required are typically achieved by reducing the size of the device to below 100 nm. While the ability to switch a magnetic layer with a DC current is encouraging for magnetic memory based applications, the magnetic dynamics application based on this torque term is of interest to the present work. The dynamics of the free layer can be written in terms of the Landau-Lifshitz-Gilbert equation, as shown in equation 1 (1):
Here H eff is the effective magnetic field comprised of the applied magnetic field, the demagnetizing field, and the exchange field. The terms γ, μ 0 , M s , T, and β are the gyromagnetic ratio, permeability of free space, saturation magnetization of the free layer, the lateral relaxation time, and the spin torque driving term, respectively. The spin torque term can cancel the Landau-Lifshitz (LL) damping term, resulting in a magnetic moment that will freely rotate about an applied magnetic field. These precessions have been demonstrated at frequencies up to 40 GHz (2) and are currently limited only by measurement equipment constraints. Modulation of the STNO oscillation frequency has been demonstrated in contact mode measurements with modulation frequencies up to half the carrier frequency (8) .
The STNO devices used in the present research were fabricated at National Institute of Standards and Technology (NIST), Boulder, CO. They consist of a 50-nm diameter electrical contact made to the top of a 10 x 20 m spin-valve mesa. The spin valve comprises substrate/tantalum (Ta) (3 nm)/copper (Cu) (15 nm)/ Co 90 Fe 10 (20 nm)/Cu (4.5 nm)/ {Co(0.3nm)/Ni(0.5nm)}×5/gold (Au) (3 nm). In this structure, precessional motion is induced in the cobalt (Co)/nickel (Ni) multilayer ("free layer"), and the cobalt-iron (CoFe) layer acts as the "fixed" layer due to its larger thickness and saturation magnetization. The devices are DC current biased in a current perpendicular to the plane geometry, so that precessional motion of the free layer induces a microwave voltage across the device through the giant magnetoresistance (GMR) effect, resulting in emission at the precession frequency.
For the purposes of detailed characterization, our measurements focused on device operation near 10 GHz to allow for the use of a greater range of available instrumentation for measurement of the radiated signal. We contacted the STNO devices with a ground-signal-ground (GSG) RF probe and microwave coaxial cable, and positioned the fixture between the poles of an electromagnet capable of producing magnetic fields of 0.2-0.4 T. We oriented the device axis parallel to the applied magnetic field to maximize oscillation response (9) . The drive current was applied to the STNO device through a 50 GHz bandwidth, 7 ps risetime bias tee using an AC/DC current source with the voltage monitored using a nanovoltmeter. We used a 26 dB gain low-noise amplifier (LNA) to overcome the 50-GHz spectrum analyzer high noise input. We selected operating conditions for drive current and applied magnetic field for each device tested to maximize signal output power and avoid conditions where broad, bimodal oscillation behavior was observed, as shown in figure 2 . We investigated the S-parameters of the STNO device in a 1-port configuration using a network analyzer. For transmission of the STNO output through air, the STNO output was fed through a length of coaxial cable directly into a WR90 waveguide horn antenna having a ~9-11 GHz, 20 dB gain. We used a matching antenna to receive the signal, inserting the LNA into the circuit after the receive antenna. Figure 3 illustrates the experimental configurations. 
Results
Our efforts to improve the impedance matching of the circuit containing the STNO device by using a double stub tuner in the coaxial experimental configuration shown in figure 3a were unsuccessful. We observed a periodic reduction in signal intensity upon tuning through λ/2 intervals, but no enhancement of the signal, suggesting either significant phase noise or possibly very low impedance.
We performed scattering (s-) parameter measurements using a network analyzer that was calibrated to the end of its cables using a commercially available calibration kit. Since the STNO sample lacked the complete set of calibration standards typically required to perform a full 1-port characterization of the GSG probe, we determined the reflection coefficient of the STNO device by measuring the components connected to the GSG probe and modeling the probe as a transmission line. The s-parameters for the coaxial transmission line to the probe were measured independently on the network analyzer, and the measurement was recorded and saved. The s-parameters of the probe, coaxial transmission line, and the STNO device were measured at bias conditions of -7.5 mA and -8.0 mA, at magnetic field strengths of +0.26 T, +0.27 T, and +0.28 T for each bias condition, representing optimized operating conditions for this device. To determine the reflection coefficient of the STNO, we de-embedded the measured transmission line s-parameters from the sample; the characteristic Smith chart plots are shown in figure 4 . We determined the length of the equivalent transmission line model for the probe and device by finding the length that, when de-embedded from the measured data from the probe tips resting on a gold strip, produced an impedance consistent with what would be predicted for a short circuit. We confirmed this by de-embedding the same length transmission line from data measured when the probes were resting on the insulating substrate. This adjustment produced an impedance value consistent with what would be predicted from an open circuit. Modeling the GSG probe as a transmission line produced reasonably correct impedances up to 10 GHz for a short and open circuit. Above 10 GHz, the technique developed to determine the s-parameters proved to be unreliable; therefore, we did not analyze any data beyond this frequency.
We applied this procedure to the s-parameters measured from the STNO, which we determined produced a purely resistive impedance from 500 MHz to 10 GHz, the limit of the analytical method applied. We determined the RF impedance to be 12.5 Ohms independent of applied drive current or magnetic field, which is very close to the measured DC resistance of 11.25
Ohms. This finding is significant, revealing that the STNO represents a highly unusual broadband component that is frequency agile over at least four octaves of frequency, with no need for any conjugate matching as required for field-effect transistors (FETs), impact ionization avalanche transit time (IMPATT) diodes, Gunn diodes, and other solid-state electronic devices.
We then demonstrated amplitude-and frequency-modulated 9-GHz radiation from a discrete STNO device coupled to a horn antenna through air over a 1-m distance, with the STNO device configured as in figure 3b . The STNO device was biased at optimized operating conditions using a +0.30 T applied magnetic field and varying the bias current between -12 to -13 mA to modulate the output signal frequency in a quasi-DC fashion. Figure 5a shows the frequencymodulated signal captured by the spectrum analyzer in a single-sweep mode. We observed the amplitude modulation by keying the STNO bias on and off in the Morse code letter "V" and observing the signal recovery on the spectrum analyzer. Figure 5b shows the frequency modulated data for the same device using the coaxial transmission configuration of figure 3a (without the stub tuner). In this case, we collected the data in maximum hold mode to illustrate the characteristic envelope of variation in the STNO frequency output (i.e., jitter) over time. We observed a signal bandwidth as high as 300 MHz in both experimental configurations for data collected over a period of 5 min or longer. We attributed the poor frequency stability of these devices to the use of a novel device geometry. Similar devices fabricated from different materials have shown spectral linewidths as small as 2 MHz (2), and improved spectral linewidths have been observed in more recently grown structures where the film roughness of the Co/Ni free layers has been reduced. Phase locking of STNOs has also been demonstrated, in which tenfold enhancement in power spectral density has been observed (10).
STNO Bro adca s t s 102908
1.00E-12
1.00E-11
1.00E-10
1.00E-09 8.90E+09 8 .95E +09 9.00E+09 9 .05E +09 9.10E +09 9.15E+09 9 .20E +09 The transmission efficiency (figure 5) decreases by two orders of magnitude in the antennacoupled transmission, where a nominally 250-pW signal is observed compared to the nominal 160-nW signal seen in the coaxial transmission. This is consistent with the expected free space geometric losses. We attribute the frequency offset observed in the data sets of figure 5, which were collected from the same device under the same conditions of bias and applied magnetic field, either to different loading conditions or to the effects of slight geometrical differences in the experimental configuration between the two measurements.
Conclusions
We have demonstrated the first frequency-and amplitude-modulated transmission of the signal from a discrete, antenna-coupled STNO device through air over a distance of 1 m, establishing the viability of using this class of nanoelectronic devices for frequency-agile communications applications at high frequencies. We determined that the STNO is a nonreactive, real-resistance device, operating in the broadband range from 500 MHz to 10 GHz (the limit of our test conditions), and that STNOs do not require an external circuit nor conjugate matching to operate in a transmitter configuration. The STNO represents a highly unusual broadband component that is frequency agile over at least four octaves of frequency without conjugate matching and is inherently radiation hard with extremely low operating voltage (<0.25 V). These findings suggest that the STNO may hold potential advantages over FETs, IMPATT diodes, Gunn diodes, and other solid-state electronic devices in select applications.
Transitions
We are currently preparing a manuscript for intended submission to Applied Physics Letters or Nature Physics. Discussions are underway investigating potential collaborative research on this topic with the Tank and Automotive Research, Development and Engineering Center (TARDEC) and the Communications-Electronics Research Development and Engineering Center (CERDEC), who have expressed significant interest in these research findings.
